Abstract-In this paper, we propose new ranging signal designs for time-division duplexing multiple input multiple output (MIMO) orthogonal frequency division multiple access (OFDMA) systems. Exploiting the channel knowledge from the downlink channel together with initial power control, we develop three ranging transmission schemes which provide multiuser and multi-antenna diversity gains and significant power saving for the subscriber stations. The advantages of the proposed approach over existing methods in terms of ranging performance, energy saving, and complexity saving are illustrated by analytical and simulation results.
I. INTRODUCTION Uplink multiuser timing synchronization and power control in orthogonal frequency division multiple access (OFDMA) systems are crucial for avoiding/suppressing interferences and hence maintaining reliable multiuser wireless links. The existing/emerging OFDMA systems such as the IEEE wireless metropolitan area networks (MAN) standards 802.16a/e [1] [2] necessitate a ranging process to address these uplink (UL) synchronization and power control issues.
There are several existing works on initial ranging process of OFDMA systems in the literature [3] [4] [5] [6] [7] . The ranging methods proposed in [3] and [4] use the ranging signal given in IEEE 802. where the randomly chosen ranging codes are transmitted on the same ranging channel. Their common disadvantage is the high computational complexity. The ranging method in [5] achieves low-complexity ranging signal detection by means of a ranging signal design. However, its iterative timing estimator requires high complexity. Recently [6] , [7] develop efficient low complexity ranging detector, and timing and power estimators using a new ranging signal design. But the ranging signal design in [6] and [7] requires the cyclic prefix (CP) length N g ≥ d max + L − 1, where d max is the maximum possible round-trip transmission delay and L is the number of sample-spaced channel taps; and the timing offset estimation performance degrades when the channel delay spread increases, limiting its application to small cell sizes. Furthermore, all these works except [7] address only single input single output (SISO) OFDMA systems.
In this paper, we propose ranging signal designs which provide greater robustness against the channel delay spread and the timing offset, and which can be applied in various cell sizes. We also develop three ranging signal transmission schemes in a MIMO setup. By exploiting multiuser and multi-antenna diversity gains, we develop low-complexity algorithms for multiuser ranging signal detection, timing offset estimation and power estimation for time-division duplexing (TDD) MIMO OFDMA systems. Comparison with the existing methods for IEEE 802.16e in a MIMO setup shows that our approach provides substantial energy saving, complexity reduction, and ranging performance improvement.
II. SYSTEM DESCRIPTIONS AND SIGNAL MODEL
Consider a UL M T × M R MIMO OFDMA system with N r ranging subscriber stations (RSSs), N d data subscriber stations (DSSs) and N subcarriers. After assigning DC and null subcarriers, the remaining subcarriers are grouped into Q r ranging subchannels and Q d data subchannels. Denote the numbers of left and right null subcarriers as γ LN as the frequency domain ranging code vector of the ith RSS and the frequency domain data vector of the jth DSS at the mth OFDM symbol interval and the m t th transmit antenna, respectively. The corresponding kth elements (k ∈ {0, . . . , N − 1}) of the m t th transmit antenna can be expressed as
where C
i,r (l) and C (m) j,d (l) are ranging and data symbols, respectively, with |C
j,d } are scaling factors. 1 In the rest of the paper, the subscript denotes whether r or d.
The signals are transmitted through multipath channels. The channels for different SSs are assumed to be independent and quasi-static from the last OFDM symbol of the downlink (DL) frame to the last OFDM symbol of the ranging allocation in the UL frame. The sample-spaced channel impulse response taps (including the transmit and receive filters) for the ith RSS/DSS are denoted by {h
At the BS's m r th receive antenna, the received samples for the ith RSS/DSS are given by
where d i,r (d i,d ) are the transmission delays for the ith RSS (DSS). Then the time domain received signal of m r th antenna at the BS can be expressed as
where {ω (mr) (n)} are independent and identically-distributed (i.i.d.), circularly-symmetric complex Gaussian noise samples with zero mean and variance σ 2 ω .
III. PROPOSED RANGING SIGNAL DESIGNS
Consider an OFDMA system with Q r ranging subchannels, where each ranging subchannel is composed of γ r adjacent subcarriers over M 1 OFDM symbols (one ranging time slot). The ranging subchannels are spread out over the whole frequency band with approximately equal spacing. The subcarrier assignment for the qth ranging subchannel is defined as
where Δ =
, and x denotes the largest integer not greater than x. Note that {J q } are disjoint for different values of q.
We propose three ranging signal designs for small, moderate, and large cell-sizes. All three designs have N c frequency domain orthogonal codes {C c (l) : c, l = 0, 1, . . . , N c − 1} (e.g., BPSK modulated Walsh codes) of length N c each, where c is the ranging code index and l is the orthogonal code element index. Each RSS transmits a ranging code randomly chosen from the above N c codes on the chosen ranging subchannel defined by J q over the randomly chosen ranging time slot. In our proposed scheme, each ranging time slot is equal to M 1 OFDM symbol interval. The total number of ranging opportunities is N total = Q r · N c · Mr M1 for the proposed designs, but the values of M 1 , M r , and Q r may be different for different designs. In the following ranging signal design, ν 1 and ν 2 are defined as ν 1 = 0, . . . , Then the ranging signal for the ith RSS picking the cth ranging code, the tth ranging time slot and the qth ranging subchannel can be expressed as
where γ r = 2N c . The Ranging Signal Design B: For a moderate or large cell-size, the timing offset of an unsynchronized RSS plus the channel length can be larger than the CP length N g , i.e. d max +L−1 > N g . In this case, two phase-continuous OFDM ranging symbols (i.e. M 1 = 2) are used to absorb large timing offsets, and the ranging code detection is performed based on the second OFDM ranging symbol. The ranging signal B can be expressed as
where γ r = 2N c . The Ranging Signal Design C: To provide greater robustness against the channel delay spread and the timing offset (for a large cell-size), we propose a modified ranging signal design by only using 2 adjacent subcarriers in a ranging subchannel, i.e. γ r = 2, and by moving the domain of our orthogonal ranging code design from the frequency domain to the time domain. To absorb large timing offsets, each ranging code is transmitted over two adjacent OFDM symbols in a phasecontinuous manner. Hence, the number of ranging OFDM symbols per ranging time slot is M 1 = 2N c . The ranging signal C can be expressed as
otherwise.
Note that the channel responses within a ranging subchannel of the proposed scheme (e.g., γ r = 8 adjacent subcarriers in our Design A/B or γ r = 2 in our Design C for an OFDMA system with N = 1024 subcarriers) are almost the same. Hence, our ranging signals still maintain orthogonality at the BS (under negligible frequency offsets), while the ranging signals from 802.16a/e suffer from loss of orthogonality due to the channel frequency selectivity.
IV. THE PROPOSED RANGING TRANSMISSION SCHEMES
We consider a TDD OFDMA system. The DL frame in OFDMA systems contains preamble as well as known pilot tones multiplexed with the user data tones. Consequently, each RSS can obtain its UL MIMO channel information from the DL reception. There are many existing works on MIMO transmission schemes with or without channel state information (CSI) at the transmitter side (e.g., [8] and reference therein). All of them assume CSI is available at the receiver which is reasonable for data transmission where preamble provides the required CSI estimates. In contrast, for initial ranging considered in this paper, CSI is unavailable at the BS receiver, while RSS transmitters have CSI knowledge. In the proposed scheme, the ranging signals from different receive antennas are non-coherently combined. The proposed scheme also applies power control such that the received signal power is equal
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to P r . We develop three ranging transmission schemes in the following.
Optimal Eigenmode Transmission Scheme: Let X 
where
and H q is an M T × M R channel matrix. For simplicity, we have skipped the subcarrier index in (8) and ignored the noise term. The non-coherently combined received ranging signals can be obtained as
The optimal transmission scheme can be obtained by minimizing the transmission power |X| 2 subject to the fixed received ranging signal power P r . This is equivalent to choosing X to maximize |Y| 2 under the constraint of fixed |X| 2 , and the solution is [9] 
where U max is the eigenvector of H q H H q corresponding to the largest singular value λ max . So the optimal transmission scheme transmits on the strongest eigenmode of the best ranging subchannel. The best ranging subchannel is the one with largest singular value among all the ranging subchannels. After obtaining the U max and the λ max of the best ranging subchannel, the ranging signal defined in Section III is spread by U max over the transmit antennas. The transmission power is adjusted to 
it only needs one SVD operation on the selected ranging subchannel. These two schemes have almost the same ranging performance except the optimal one has a marginal ranging transmission energy saving over the suboptimal one as will be seen in Section VI.
Single Antenna Selection Transmission Scheme: To further reduce the complexity, we propose a single transmit antenna selection scheme. Each RSS picks the antenna with the best ranging subchannel, i.e. with the largest Each RSS estimates channel power gains by utilizing the DL preamble and the pilots embedded in the subsequent OFDM symbols. The RSS picks the best ranging subchannel according to the adopted ranging transmission scheme, and adjusts the transmission power to achieve the target received ranging signal power P r . At the BS, the receiver performs ranging code detection, and extracts the timing and power information based on the detection results. Due to the space limitation, we only present the derivations of the ranging signal detection, timing offset estimation and power estimation based on Design B. Those for Design A or Design C can be straightly obtained.
A. Multi-User Ranging Signal Detection
Design B uses two phase-continuous OFDM ranging symbols (symbol index 2t and 2t+1) to absorb large timing offset (i.e., d max > N g − L + 1). The inter-symbol interference (ISI) can be avoided by using only the (2t + 1)th OFDM ranging symbol. Then at the BS after the CP removal and the N -point DFT operation, we obtain the ISI-free kth subcarrier symbol of the m r th antenna at the tth ranging time slot as
For the m r th receive antenna, the BS correlates the above frequency domain symbols of every qth ranging subchannel with each fixed phase-compensated cth ranging code as
The above phase-compensation is equivalent to shifting the sample space of the possible timing offsets from
2 }, which in turn reduces the detrimental effect of timing offsets in ranging performance, providing a better performance than the detector presented in [7] . For simplicity, we drop the ranging code index c and the ranging time slot index t. Then the decision variable D q for the RSS detection at the qth ranging subchannel is defined by combining the correlator outputs of the M R receive antennas as
The probability density function (PDF) f Dq for 0 and 1 RSS cases are, respectively, central and non-central Chi-square with n = 4M R degrees of freedom. Then the presence or
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where {P n } representing the probability of n RSSs in the same ranging opportunity can be replaced with pre-defined design values. Fig. 1 shows P n · f Dq (D q ) for 0 and 1 RSS at a ranging opportunity, from which the detection threshold can be determined as
where η is the crossover point of P 0 · f Dq (D q | 0 RSS) and
B. Timing Offset Estimation
We can utilize the ranging signal detection results to perform the timing offset estimation. D1 q and D2 q for the collision-free (n RSS = 1) ith RSS with corresponding ranging channel response H i,r (J q (l)) can be approximated by
where B , the timing offset (an integer in the unit of samples) for the ith RSS can be estimated by coherently combining the outputs of the M R receive antennas asˆ
Since
The above estimator provides a significant complexity reduction over the existing methods [3] [4] [5] .
C. RSS Power Estimation
If only one ranging code is detected on a ranging subchannel in a ranging time slot, define
If there are more than one distinct ranging code detected on a ranging sub-channel in a ranging time slot, define
Then the power estimator is given bŷ
where the noise variance σ 2 w is assumed to be known (can be measured or estimated easily).
VI. PERFORMANCE EVALUATION

A. System Parameters
The ranging code detector and timing estimator in [3] with the ranging signals from the IEEE 802.16e are used as the reference method for comparison. Both proposed method and reference method are simulated in a TDD MIMO OFDMA system. The system simulation parameters are summarized in Table I .
The system parameters are the same for the proposed ranging method and the reference ranging method. The difference is the ranging channel setup. Q r is equal to 18 for Design B and 72 for Design C. For the reference method, each RSS transmits one selected CDMA code and its gradual phase rotated version on the single ranging channel that consists of 144 spread-out subcarriers over two consecutive symbols. In order to reduce the simulation time for the reference method, we use only 32 codes (equal to the considered maximum number of RSSs) and we assume there is no collision in the reference method. Since there is no power estimator provided in [3] , we assume perfect power estimation (hence yielding slightly optimistic results) for the reference method. For simplicity in evaluation, we assume that all N r RSSs attempt their ranging simultaneously at the first ranging frame, there are no new RSSs until their ranging processes are completed, and the collided RSSs retry their ranging in the next frame.
For the reference method, each RSS transmits the same selected CDMA code on both antennas. At the BS, the outputs of both receive antennas are non-coherently combined for the ranging code detection and the timing offset estimation. The initial ranging transmission power of each transmit antenna on each ranging subcarrier is set 10 dB above the noise power (σ 2 w ) on a subcarrier. Therefore, the total ranging transmission power of each transmit antenna over 144 ranging subcarriers normalized by σ 2 w is 10 log 10 (1440) dB. In the proposed
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B. Simulation Results and Discussions
The proposed designs outperform the reference method. Due to the space limitation, we mainly present the simulation results for Design B based on the ITU pedestrian B (Ped B) and vehicular A (Veh A) multipath channels [10] , which are the same simulation environments used in WiMAX system evaluation methodology [11] .
For Design B, three proposed transmission schemes are evaluated. Due to the power control, the ranging performance of these three transmission schemes are almost the same except the optimal and suboptimal eigenmode transmission schemes provide marginal ranging transmission energy savings over the single antenna selection transmission scheme. Hence for the proposed method, we only present the results of the single antenna selection transmission scheme in all figures except Fig. 6 due to space limitation. Fig. 2 shows the probabilities of missed detection P miss and false alarm P false in moderate cell size environments on both Ped B and Veh A channels. The P miss is defined as E[
where D m is the number of RSSs whose transmitted ranging signals are not detected at the BS and N r is the total number of RSSs. The P false is defined as E[
where D a is the number of ranging signals which are detected at the BS but are not transmitted from any RSSs. The proposed method performs much better than the reference method. The reference method's performances substantially degrade as the number of the RSSs increases. Fig. 3 shows the probability distribution of the number of frames required for an RSS to complete a successful ranging. For the 32 RSSs case in Ped B channel, the simulation results show that about 91% of the RSSs in the proposed method (75% in the reference method) can finish the ranging process in two frames. The percentage of RSSs that can finish ranging in two frames is smaller in Veh A channel than in Ped B channel due to the faster time variation of Veh A channel. About 70% of the RSSs in the proposed method (54% in the reference method) can finish the ranging process in two frames. Fig. 4 presents the advantage of the proposed method over the reference method in terms of the average number of frames required to complete a successful ranging versus the number of RSSs for 6 DSSs and 12 DSSs on both Ped B and Veh A channels. Both methods are insensitive to DSS interference, but the average number of ranging frames required for the reference method increases with the number of RSSs, while the corresponding performance of the proposed method is robust to RSS interference. The advantage of the proposed method also translates into smaller latency at the network entry.
The standard deviations of the timing offset estimation versus the number of RSSs are presented in Fig. 5 Fig. 6 presents the average total normalized ranging transmission energy required for an RSS to finish its ranging process. The proposed method cuts down the ranging energy consumption at an RSS to approximately 1 4 of that required in the reference method. The average total normalized ranging transmission energy of the optimal eigenmode transmission scheme is also included in Fig. 6 . 3 The optimal eigenmode transmission scheme provides only marginal ranging transmission energy saving over the single antenna transmission scheme. Hence the single antenna selection transmission scheme is recommended due to its complexity saving.
VII. CONCLUSIONS
We have presented ranging signal designs and ranging transmission schemes for MIMO-OFDMA systems that take advantage of multiuser and multi-antenna diversities. By means of ranging signal designs, the proposed approach achieves multiuser diversity gain and significant power saving while facilitating efficient low-complexity algorithms for multiuser ranging signal detection, timing offset estimation and power estimation. The proposed ranging method achieves significant gains in ranging signal detection and synchronization performance, latency reduction at the network entry, energy saving at the subscriber stations, and complexity reduction over the existing ranging methods while utilizing the same amount of time and frequency resources. This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE "GLOBECOM" 2008 proceedings.
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